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ABSTRACT In recent decades, the data envelopment analysis (DEA) model has been applied to various
fields. However, the current research on DEA for land utilization efficiency is based on the assumption that
each decision making unit (DMU) is independent and does not distinguish different preference to output
indexes. Therefore, this paper proposes a new game cross efficiency model which considers the different
levels of concern to different output indexes. In the proposed model, the output indexes are divided into
several groups and DMUs present their preferences to these groups. Subsequently, this paper develops an
algorithm to solve this model and proves the convergence of the algorithm. Then, taking the evaluation of
land utilization efficiency as an example, the importance of game cross efficiency and group indexes in
evaluations is presented. The output indexes are separated as two classes including economy output indexes
and environment output indexes. The land utilization efficiency of cities in Pearl River Delta in 2019 is
evaluated by the proposed model. The analysis shows that when there is a significant difference between
different groups of output indexes, the ranking result for decisionmaking units is different from the traditional
DEA. The model reveals that the efficiency of some cities depends much on some special output indexes.

INDEX TERMS Data envelopment analysis, linear programming, game theory, cross efficiency, land
evaluation.

I. INTRODUCTION
Land resources are not only the material carrier of urban
economy, but also non renewable resources. Therefore, the
efficiency of land utilization directly affects the social and
economic development. With the increasing rate of Chinese
urbanization year by year, the scale of urban land continues
to expand and the land problems are becoming more and
more serious, such as extensive land use, unreasonable urban
land use structure, land storage without use, etc. The research
on the evaluation of urban land use efficiency is of great
significance for the efficiency and sustainable use of land.

High efficient utilization of resources can reflect high
management level of enterprises and governments to some
extent. Since the resources, such as the land resources, and
time are limited, it is crucial for enterprises and government
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departments to make full use of these resources. Evaluat-
ing the management level of enterprises and governments
through some appropriate methods is necessary, which can
assist managements to improve work. Furthermore, the eval-
uating result can provide the direct information for leaders to
identify the valuable enterprises and departments and avoid
whipping the fast and hard-working, i.e., unfair punishment.

Various factors should be considered to comprehensively
and objectively evaluate the enterprises or government
departments. These factors include the input indexes and
output indexes. Input indexes are something that required in
the process of production and management, such as capital
and labor. Output indexes refer to the quantity of products
produced, the economic or social benefits and so on.

In 1978, Charnes, Cooper and Rhodes proposed data envel-
opment analysis (DEA) methods [1] to evaluate the rela-
tive effectiveness of enterprises or government departments
with multiple input indexes and output indexes. The relative
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effectiveness can represent the management level mentioned
of the enterprise or government beforehand that relative to
others.

Generally, the DEA model proposed by Charnes, Cooper
and Rhodes in 1978 is also called CCR model. DEA
calculates the maximum efficiency of a decision making
unit (DMU) by constructing a mathematic programming
model which aims at maximizing the ratio of output to input.
Generally, if ratio of output to input is equal to 1, then the
DMU is DEA efficient. In the process of solving the ratio,
DEA fulfills a non-parameter estimation [2]–[4].

In recent years, scholars at home and abroad have car-
ried out a lot of research on the Chinese land utilization
efficiency. Foreign studies focus on the relationship between
land intensive utilization and efficiency evaluation, economic
development and land utilization efficiency. Based on these
studies, domestic researchers study a large number of empir-
ical analyses, such as efficiency measurement and evaluation,
regional differences, influencing factors, policy optimization
and so on.

Since the evaluation of land utilization efficiency involves
a lot of input indexes and output indexes and the DEA
model is a quite useful method to evaluate the relative
effectiveness of similar departments with multiple inputs,
especially multiple outputs, many scholars study the land uti-
lization efficiency based on theDEAmodel in recent decades.
Zhang et al. [5] pointed out that there is an increasing trend
of the utilization efficiency for urban construction land of
the provincial capitals. Zhang et al. [6] discovered that the
utilization efficiency of a piece of land has a close relation
with its distance to the center of the city. Zhu et al. [7] found
out that there are some significant differences of efficiency
for different districts in a city.

Although fruitful achievements are obtained, some chal-
lenges still need to be addressed.

(1) It can be found that the current DEA studies on land
utilization efficiency only focus on the DMU itself evaluation
and the impacts between DMUs are not fully considered.
In fact, there is a fierce competition for the performance
between local governments. The governments are DMUs in
these studies. A local government will consider the reaction
of other local governments on its land supply, especially when
the local governments are being neighborhoods. Therefore,
regardless of the mutual evaluation and game competition
between DMU, these studies on the land utilization efficiency
may lead to inaccurate efficiency evaluation.

(2) In addition, the current DEA studies on land utilization
efficiency are based on the assumption that each DMU has
the same preference on all output indexes. In practice, it is
relatively easy for DMUs to determine a preference between
some groups of indexes. Then, how to design the evaluation
model to reflect the preference and the unknown priorities is
an interesting and import issue. For example, assume there
are two groups of output indexes and each group has two
indexes: (a) an industry increment index, a regional GNP;
(b) a habitat conservation index, an environmental index.

A DMU prefers the group (b) on the whole, but has no exact
priorities between the indexes in the group (b) and cannot def-
initely determine that whether each index in the group (b) is
important than each index in the group (a). How to model this
situation?

(3) The difficulty on land utilization evaluation is how
to determine the priorities of output indexes for DMUs.
However, it is nearly impossible to give an exact priority
for each output index, such as land sale revenues, industry
increment indexes, regional gross national product (GNP) and
environmental indexes.

As mentioned above, this paper firstly divides the indexes
into several groups. Subsequently, DMUs provide preference
on these groups, which avoids giving an exact priority for
each index. Hence, this paper designs a new game cross effi-
ciency DEA model. Then, this paper develops an algorithm
to solve this model and proves the convergence of the algo-
rithm. Finally, the model is applied to the evaluation of land
utilization efficiency of 9 cites in Pearl River Delta in China.
The result shows that the model has a better discernibility
than CCR model. Furthermore, by adjusting parameters in
the model, this paper concludes that some cities have more
dependency on some indexes than other cities.

The remainder of this paper unfolds as follows. Section II
briefly reviews the literature related to the DEA model and
its application. Section III introduces the preliminaries con-
cerning the CCR model, the DEA efficiency and average
game cross efficiency of DMU. Then, the improved game
cross efficiency model and the solving algorithm are pro-
posed in Section IV. Convergence of the solving algorithm
is also proved in this section. Section V applies the proposed
model to evaluating the land utilization efficiency of the Pearl
River Delta City (PRD) Cluster. Finally, this paper ends with
some concluding remarks and future research discussions in
Section VI.

II. LITERATURE REVIEW
This section briefly reviews the existing research on the DEA
model and its applications.

In the classical DEA model, each DMU is independent
and does not affect each other. However, in real life, enter-
prises and departments are dependent and often connect
with each other. Thus, considering the competition among
DMUs, Banker [8] combined DEA and game theory and
revealed the relation between DEA and two persons zero-
sum game without constraints. In addition, some scholars
[9]–[12] further dug the closely relations between DEA and
game with constraints. Considering the mutual evaluation
between DMUs, Sexton et al. [13] proposed the concept of
cross efficiency which is widely applied to various fields
[14]–[16]. Since the non-uniqueness of the optimal solutions
may improve the cross efficiency of some DMUs but at the
expense of others, Liang et al. [16] generalized the original
DEA cross-efficiency concept to game cross efficiency by
integrating cross efficiency and game theory. Furthermore,
Liang et al. [16] proved that there is an equivalence between
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the value of the game cross efficiency and some Nash equi-
libria for the game with a special continuous concave payoff.
Based on the game cross efficiency, many scholars made
fruit achievements with further in-depth study [17]–[20]. For
instance, Li and Xu [19] gave a new game model with the
cross efficiency by considering some constraints on DMUs
that are not DEA efficient. Zhang and Gong [20] introducing
the priority to multi-objectives into game cross efficiency
models.

Since the effectiveness and superiority of these methods,
DEA models are applied to various fields, such as the root
cause identification for vibration and noise failure of washing
machine [21], the evaluation on the performance of pallet
rental companies [22], [23], the performance evaluation on
system of logistics enterprises [24], the selection of the most
suitable locations to host wind power plants [25] and so on.

III. PRELIMINARIES
The DEA proposed by Charnes, Cooper and Rhodes (1978),
i.e., CCR model, is briefly introduced as follows. Let xij(i =
1, 2, . . . , s) be the i-th input of the DMU j(j = 1, 2, . . . , n)
and yrj(r = 1, 2, . . . ,m) be r-th output of the DMU j. DEA
evaluates the efficiency of DMU by the ratio of output to
input. The efficiency of DMU j (j = 1, 2, . . . , n) is obtained
by solving the mathematical programming given below.

max

∑m
r=1 µrjyrj∑s
i=1 wijxij

s.t.



∑m
r=1 µrjyrl∑s
i=1 wijxil

≤1, l = 1, 2, . . . , n;

wij ≥ 0, i = 1, 2, . . . s;

µrj ≥ 0, r = 1, 2, . . .m

(1)

whereµrj and wij are the weights of r-th output and i-th input
of DMU j, respectively. Generally, if ratio of output to input
is equal 1, then the DMU is DEA efficient. To overcome the
unboundedness of the objective in Eq. (1), the above model
can be rewritten as:

max
∑m

r=1
µrjyrj

s.t.



∑s

i=1
wijxil −

∑m

r=1
µrjyrl≥0, l=1, 2, . . . , n;∑s

i=1
wijxij = 1

wij ≥ 0, i = 1, 2, . . . s;

µrj ≥ 0, r = 1, 2, . . .m;
(2)

In the classical DEA model, each DMU constructs the
programming and determines the optimal weights of inputs
and outputs to maximize its efficiency, which may cause the
biases in efficiency ranking of DMUs by comparing these
obtained efficiencies. Therefore, the concept of cross effi-
ciency are proposed by Sexton et al. [13]. The average cross
efficiency value of DMU j can be calculated as follows:

Firstly, take an arbitrary DMU d(d = 1, 2, . . . , n), the
optimal weights of inputs and outputs can be derived by
solving Eq. (2). Denote the optimal weights of r-th output
and i-th input of DMU d by µ∗rd and w∗id , respectively.

Then, the cross efficiency of DMU j relative to DMU d are
calculated as follows:

Edj =

∑m
r=1 µ

∗
rdyrj∑s

i=1 w
∗
idxij

, (d, j = 1, 2, . . . n) (3)

Finally, the average cross efficiency value of DMU j, can
be derived as follows:

E j =
1
n

∑n

d=1
Edj, (j = 1, 2, . . . n) (4)

According to the average cross efficiency values E j(j =
1, 2, . . . n), the efficiency ranking of DMU is obtained. Since
the optimal solution of Eq. (2) is not unique, the cross effi-
ciency in Eq.(3) and the efficiency ranking obtained by the
average cross efficiency value in Eq. (4) is not unique.

Considering the competition between DMUs, and the non-
uniqueness of cross efficiency, each DMU aims to max-
imize its efficiency by optimizing its input combination.
Liang et al. [16] introduced the game cross efficiency βdj as
follows to denote the cross efficiency of DMU j relative to
DMU d .

βdj =

∑m
r=1 µrj(α

∗
d )yrj∑s

i=1 wij(α
∗
d )xij

(5)

where µr (α∗d ) and wi(α
∗
d ) are the feasible solution of Eq. (6)

and the optimum solutions of the following Eq. (6).

max θj(αd ) =
∑m

r=1
µrjyrj

s.t.



∑s

i=1
wijxil −

∑m

r=1
µrjyrl ≥ 0,

l = 1, 2, . . . , n;∑s

i=1
wijxij = 1

αd
∑s

i=1
wijxid −

∑m

r=1
µrjyrd ≤ 0

wij ≥ 0,

i = 1, 2, . . . s;

µrj ≥ 0,

r = 1, 2, . . .m

(6)

where αd is a parameter and αd ≤ 1. The algorithm for
Eq. (6) is briefly described as follows. A DMU j maximizes
its efficiency under the condition that its given efficiency αd
for the DMU d is not decreased. There exists a corresponding
game which arrives at its equilibriumwhen all DMUs reaches
its optimal efficiency α∗j . For the computation of the value of
game cross efficiencies, the algorithm in Liang et al. [16] is
introduced as follows:

Let α0d = Ed (t = 0) be the initial value of αd , where t
represents the number of iterations. µ∗r (α

t
d ) and w

∗
i (α

t
d ) are

optimum solutions of Eq. (6), and the corresponding optimum
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value is θ∗j (α
t
d ). When it reaches the (t + 1)-th iteration, let

αt+1j =
1
n

∑n
d=1 θ

∗

j (α
t
d ). After α

t
d tends to α∗d , define an

average game cross efficiency (CCG) as:

βj =
1
n

∑n

d=1
θ
∗

j
(α∗d ) =

1
n

∑n

d=1
βdj, (j = 1, 2, . . . n)

(7)
Thus, the average CCG βj, is unique and it can be utilized

to rank the efficiency ranking ofDMUs. Since the initial value
of the parameter α0d is Ed , Eqs. (3) and (4) are also used in
this algorithm.

IV. THE IMPROVED GAME CROSS EFFICIENCY MODEL
In this section, this paper divides all output indexes into
two groups. For convenience, rearrange the order of all out-
put index and denote the first group of output indexes by
1, 2, . . . , k and the second group of output indexes by k +
1, k+2, . . . ,m. All DMUs prefer the second group of indexes
than the first group of indexes. On the basis of Eq. (2) and (6),
this paper establishes the models in Eqs. (8) and (9):

max θj =
∑m

r=1
µrjyrj

s.t.



∑s

i=1
wijxil −

∑m

r=1
µrjyrl≥0, l = 1, 2, . . . , n;∑s

i=1
wijxij = 1∑k

r=1
µrj≤

∑m

r=k+1
µrj

wij ≥ 0, i = 1, 2, . . . s;
µrj ≥ 0, r = 1, 2, . . .m

(8)
where the constraint

∑k
r=1 µrj ≤

∑m
r=k+1 µrj represents that

the sum weight of the second group of output indexes is
higher than that of the first group of output indexes. In other
word, DMU j prefer the second group of output indexes. How-
ever, it should be pointed out that the weights of some output
indexes in the first group may still higher than that in the
second group since the constraint

∑k
r=1 µrj ≤

∑m
r=k+1 µrj

only represents the relationship between the sum weights.
Denote the optimal value of Eq. (8) by θ∗j (call it ICCR) for
each DMU j(j = 1, 2, . . . , n). Then, based on Eq. (8), the
following programming is presented in Eq., (9)

max θj(αd ) =
∑m

r=1
µrjyrj

s.t.



∑s

i=1
wijxil −

∑m

r=1
µrjyrl ≥ 0,

l = 1, 2, . . . , n;∑s

i=1
wijxij = 1

αd
∑s

i=1
wijxid −

∑m

r=1
µrjyrd ≤ 0∑k

r=1
µrj ≤

∑m

r=k+1
µrj

wij ≥ 0,

i = 1, 2, . . . s;

µrj ≥ 0,

r = 1, 2, . . .m

(9)

Denote the optimal value of Eq. (9) by θ∗j
(
αtd

)
, (j =

1, 2, . . . n) when αd = αtd , d ∈ {1, 2, . . . , n}. Then, the
average game cross efficiency value of DMU j in (t +
1)-th iteration is obtained as follows:

αt+1j =
1
n

∑n

d=1
θ
∗

j

(
αtd
)
, (j = 1, 2, . . . n) , (10)

Algorithm (IA): According to the iteration relation of Eq.
(10), the algorithm for the limit of αtd is given as below:

(i) Let t= 1,αd = αtd and αtd= θ
∗
d , d = 1, 2, . . . , n;

(ii) Solve Eq. (9). According to Eq. (10), the new average
game cross efficiency value αt+1d is obtained.

(iii) If for each DMU j(j = 1, 2, . . . n), it holds that∣∣∣αt+1j − αtj

∣∣∣ < ε, then the algorithm terminates. Otherwise,

let αd = α
t+1
d in Eq. (9) and go to (ii).

As αtd tends to α∗d , d = 1, 2, . . . n, the game cross effi-
ciency (ICCG) of DMU j can be calculated as follows

β j =
1
n

∑n

d=1
θ
∗

j
(α∗d ), (j = 1, 2, . . . n), (11)

It should be noticed that the algorithm mentioned above
does not use Eqs. (3) and (4).

The following Theorem 1 proves the convergence of (IA).
Theorem 1: The algorithm (IA) is convergent.
Proof: Denote the feasible region of Eq. (9) by

1j
(
αtd

)
(j = 1, 2, . . . n) in t-th iteration. Take an arbitrary

DMU j(j = 1, 2, . . . n), if d = j, then θ∗j
(
α1d
)
= θ∗j is

hold; if d 6= j, then θ∗j
(
α1d
)
≤ θ∗j = α1j due to that the

feasible region1j(αtd ) of Eq. (9) may decrease by comparing
with the feasible region of Eq. (8). Therefore, for each DMU
j(j = 1, 2, . . . n), the following inequality is hold.

α2j =
1
n

∑n

d=1
θ
∗

j
(α1d ) ≤

1
n

∑n

d=1
θ
∗

j
= α1j .

For α1d and α2d , the feasible region of Eq. (9) satisfies:
1j(α1d ) ⊆ 1j(α2d ); then

α2j =
1
n

∑n

d=1
θ
∗

j
(α1d ) ≤

1
n

∑n

d=1
θ
∗

j
(α2d ) = α

3
j .

Noting that θ∗j is the optimal value of Eq. (8) and for any t ,
the feasible region of (9), is always small than that of Eq. (8),
then one has

α2j ≤ α
3
j ≤ α

1
j ,

hence, it holds that

1j(α1d ) ⊆ 1j(α3d ) ⊆ 1j(α2d ).

It follows that

α2j ≤ α
4
j ≤ α

3
j ≤ α

1
j .

Similarly, one can get

α2j ≤ α
4
j ≤ α

6
j ≤ α

5
j ≤ α

3
j ≤ α

1
j .

Then, one has

α2j ≤ α
4
j ≤ α

6
j · · ·

≤ α2tj ≤ α
2t+2
j ≤ α2t+1j ≤ α2t−1j · · ·

≤ α5j ≤ α
3
j ≤ α

1
j .
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That is,∣∣∣α2t+1j − α2t+2j

∣∣∣ ≤ ∣∣∣α2tj − α2t−1j

∣∣∣ , t = 1, 2, . . .

Therefore, when t → ∞, the average game cross
efficiency value αtj is convergent for each DMU j(j =

1, 2, . . . , n). Additionally, the number of the output index
is finite, thus the algorithm (IA) is convergent for all
sequences for a given accuracy ε. This completes the proof
of Theorem 1.
Remark 1: Since the initial values of the algorithm (IA)

proposed in this paper and the algorithm in [16] are different,
the relationship between the average game cross efficiency
value of DMU jαtj in the whole iteration is different from that
of [16].
Remark 2: If the output indexes are not divided into

different groups there is no
∑k

r=1 µr ≤
∑m

r=k+1 µr in
Eqs. (8) and (9), then Eqs. (8) and (9) is reduced to
Eqs. (2) and (6), respectively. Comparing with the algorithm
in Liang et al. [16], the proposed algorithm (IA) can solve not
only the models in Eqs. (2) and (6) but also in Eqs. (8) and (9).
Furthermore, if the model does not take the different group
of output index into account, the proposed Algorithm (IA)
improves and simplifies the convergence proof to compute
the values of CCG by omitting to solve Eqs. (3) and (4). The
example for the comparing of the two algorithms is given in
the next section.

Additionally, if the output indexes are divided into several
groups, then the corresponding models can be established by
method similar to Eqs. (8) and (9). For example, if the output
indexes is divided to K1, K2 and K3 satisfying 1, 2, . . . , n =
K1 ∪ K2 ∪ K3 and Kp ∩ Kh = ∅, p 6= h,∀p, h ∈ {1, 2, 3}.
If and DMU prefers most to the group K3, and pays more
attention to K2 than K1, then the model can be constructed in
the following Eqs. (12) and (13). The constructed model can
be solved by a revised algorithm according to algorithm (IA),
too.

max θj =
∑m

r=1
µryrj

s.t.



∑s

i=1
wixil −

∑m

r=1
µryrl ≥ 0,

l = 1, 2, . . . , n;∑s

i=1
wixij = 1∑

r∈K1
µr +

∑
r∈K2

µr ≤
∑

r∈K3
µr∑

r∈K1
µr ≤

∑
r∈K2

µr

wi ≥ 0,

i = 1, 2, . . . s;

µr ≥ 0,

r = 1, 2, . . .m

(12)

and

max θj(αd ) =
∑m

r=1
µryrj

s.t.



∑s

i=1
wixil −

∑m

r=1
µryrl ≥ 0,

l = 1, 2, . . . , n;∑s

i=1
wixij = 1

αd
∑s

i=1
wixid −

∑m

r=1
µryrd ≤ 0∑

r∈K1
µr +

∑
r∈K2

µr ≤
∑

r∈K3
µr∑

r∈K1
µr ≤

∑
r∈K2

µr

wi ≥ 0,

i = 1, 2, . . . s;

µr ≥ 0,

r = 1, 2, . . .m

(13)

V. APPLICATION TO PEARL RIVER DELTA CITY CLUSTER
A. THE CHOOSE OF INPUT AND OUTPUT INDEXES
The Pearl River Delta City (PRD) Cluster is the most repre-
sentative city cluster in China, which has 54800 km2, 30.5%
of the gross area of the Guangdong province. The PRD
city cluster includes 9 adjacent cities: Guangzhou, Shenzhen,
Dongguan, Zhuhai, Foshan, Zhongshan, Jiangmen, Huizhou
and Zhaoqing. Since the year of applying the open policy,
the population in PRD has expanded rapidly. To improve
the economy and seize the developing opportunity, the con-
struction land of these cities are expanded dramatically; the
ecological risk is increasing significantly; the land utilization
problems are emerging. In general, there are close dependent
and competitive relations between these cities. This phe-
nomenon leads to the fact that there are mutual impact for
their decisions on land utilization. This section applies the
improved game cross DEA model in Section IV to the evalu-
ation of land utilization efficiency in 2019. The evaluation
results can be the reference for governments to having an
insight into the level of the land utilization efficiency.

In term of the input of the land utilization, this paper
takes land resource, capital and labor force into account
according to [5]–[7]. The land resource includes the land area
for industrial (IL), commercial service land (CL), residential
land (RL) and other using (OL). The capital is represented by
the investment in fixed assets (IF). The labor force is denoted
by the resident population (RP) at the end of the year. These
input indexes are listed in Table 1.

The output of the land utilization can be divided into
the economic output and environmental output. The rev-
enue from the sale of land (RSL), the regional GDP per
capita (GDP) and represent the economic benefit and the
value-added of the secondary industry (VSI) and tertiary
industry (VTI) belong to the economic output. The envi-
ronment output includes the green land of parks per capita
(GL), the annual mean concentration of PM2.5 [26], [27],
the volume of discharged industrial waste water (VIWWD)
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TABLE 1. Input indexes for the evaluation of land utilization efficiency.

TABLE 2. Output indexes for the evaluation of land utilization efficiency.

and the volume of sulphur dioxide emission (VSDE). These
output indexes are presented in Table 2.

The data of the above input indexes and output indexes
come from China City Statistical Yearbook (2020), China
Land and Resources Statistical Yearbook (2020) and
Guangdong Statistical Yearbook (2020). The data for PM2.5
comes from the government web of Department of Ecology
and Environment of Guangdong Province.

The GL and PM2.5 are in the first group of economic
output indexes. RLS, VTI, VSI and GDP are the second
group of environmental output indexes. Additionally, the out-
put indexes include benefit output indexes and cost output
indexes. The higher value of output indexes and the lower
value of cost output indexes, then the higher efficiency of a
DMU. For convenience, this paper transforms the cost output
index, i.e., the annual mean concentration of PM2.5 index,
into a benefit output index. Denote the value of cost output
index by fj(j = 1, 2, . . . , n). Then, the cost output index can
be transformed as follows:

f ′j = maxj=1,2,...,n
{
fj
}
− fj

Therefore, this paper applies the transformed values of cost
output indexes into the proposed models in Section IV.

B. THE CONVERGENCE TEST AND THE EVALUATION OF
GAME CROSS EFFICIENCY WITH INDEX GROUPS
In order to eliminate the influence of different physical
dimensions andmeasurements, this paper normalizes the data
of input indexes and output indexes in the unit interval [0,1].
Then, construct the programmings according to Eqs. (2)-(6)

TABLE 3. CCR, CCG, ICCR, ICCG values and ranks given the group order of
output indexes as order 1.

and solve these programmings by the algorithm in [16]. Sub-
sequently, construct the programmings according to Eqs. (8)
and (9) and solve these programmings by the algorithm (IA)
proposed in this paper. Finally, this paper obtains all CCR,
CCG, ICCR, and ICCG values of each DMU.

(a) The convergence test for the algorithm (IA) is given as
follows. The data in Table 1 and Table 2 are utilized in the
convergence test. By utilizing the algorithm (IA) proposed
in this paper and the algorithm in [16], the values of CCG
are shown in Fig. 1 and Fig. 2, respectively. All results and
the iterations for different cities are drawn with different
markers. In Fig. 2, the curve of Jiangmen and the curve of
Zhuhai coincide on the top. Furthermore, with the increasing
of iterations, the CCGs of the DMUs j tend to a stable state.
Although the initial values of the algorithm (IA) proposed in
this paper and the algorithm in [16] are different, the final
results are the same. According to the above analysis, it can
be found that the proposed algorithm (IA) can be directly
used to calculate the CCGs in [16] if the differences between
different groups of output are not considered in the solving
process. Comparing with the algorithm proposed in [16], the
algorithm (IA) needn’t take Eqs. (3) and (4) into account
but the final results are still the same as that obtained by
the algorithm in [16]. Therefore, in terms of the calculation
of CCGs, the algorithm (IA) has a better performance than
algorithm in [16].

The numerical values of CCR and CCG are listed in
Table 3.

The convergence of algorithm (IA) for calculating ICCG
with different number of the first group of outout indexes
k is shown in Fig. 3. It can be observed that the iteration
is convergent as the result of Theorem 1. The subgraph a
in Fig. 3 represents the result with k = 4, i.e., the con-
straint

∑4
r=1 µr ≤

∑8
r=5 µr exists in Eqs. (8) and (9).
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FIGURE 1. Convergent curves for CCG obtained by the algorithm in [16].

FIGURE 2. Convergent curves for CCG obtained by the algorithm (IA).

This constraint implies that the decision makers prefer the
environment index group GL, PM2.5, VIWWD, VSED than
the economy index groupRLS, VTI, VSI, GDP. The subgraph
c in Fig. 3 represents the result with k = 6. In this case, it is
assumed that the decision makers pay more attention to the
index group VSI, GDP than the others.

(b) The comparison between the values of ICCR, ICCG,
CCR, and CCG is given as follows. Since the output indexes
are not divided into different group in the process of solving
CCR and CCG, the final results are not changed in Table 3
and Table 4. Since the values of ICCR and ICCG are related
to the groups of output indexes, in Table 3, these values are
computated with the group order of output indexes in Table 2,
that is, the order, denoted asOrder1, is GL, PM2.5, VIWWD,
VSDE, RLS, VTI, VSI, and GDP.

These values in Table 4 are obtained with the group order
(denoted as Order2) of output indexes given as below:
RLS, VTI, VSI, GDP, GL, PM2.5, VIWWD, and VSDE;
In this case, it changes the order between environment

indexes and economy indexes.
The number of classes of DMUs (the cities) divided by

CCR is lower than that by ICCR. In Table 3, for k = 5 and
k = 6, the number of classes by ICCR is 4 and 5, respectively,
while the number is just 3 for CCR. For all k in Table 4, the

FIGURE 3. Convergent curves for ICCG with k = 4 (subgraph a), k = 5
(subgraph b), and k = 6 (subgraph c).

number of classes by ICCR is at least 5, while the number is
only 3 for CCR. The discernibility of CCR is lowest in CCR,
ICCR, CCG and ICCG. It can be also seen from Table 3 and
Table 4 that the discernibility of CCR and ICCR is lower than
ICCR and ICCG, respectively, since the number of classes by
CCR and ICCR is at most 6 but the number is at least 7 for
CCG and ICCG.

For the land efficiency evaluation by DEA in the paper,
one of our motivation is to find out that whether or not the
different preference to different group of output indexes have
an effect on the rank of DMUs. If the importance of the group
of environment output indexes, i.e., {GL, PM2.5, VIWWD,
VSDE}, is not higher than that of economy output indexes,
i.e., {RLS, VTI, VSI, and GDP}, then there is no difference
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TABLE 4. CCR, CCG, ICCR, ICCG values and ranks given the group order of
output indexes as order 2.

between the rank (s2) of DMUs by CCG and that (s4) by
ICCG, which is in accord with the case with k = 4. How-
ever, if the group of environment output indexes, i.e., {GL,
PM2.5, VIWWD, VSDE}, is more important than the group
of economy output indexes, {RLS, VTI, VSI, and GDP}, then
according to Table 4 with k = 4, the rank (the column s2) of
Guangzhou and Shenzhen is decreased from 6 and 2 to 7 and 5
(the column s6) respectively, the rank of Zhuhai and Jiangmen
maintains being unchanged, and the rank of the others are all
increased, which is very different from Table 3.

This changing does not mean that the rank of any cities
with high GDP will definitely decrease if the environ-
ment indexes are taken great importance since Guangzhou,
Shenzhen and Zhuhai are the top three with the values of GDP
in these 9 cities, while Zhuhai maintains the first. This result
shows that in land efficiency evaluation, if pay more attention
on the environment indexes than the economy indexes, the
ranking of DMUs obtained by ICCG can be changed from
CCG according to the Eqs. (8)-(10) in this paper. Taking the
values of ICCG for k = 4 in Table 3 and Table 4, the cities
Zhuhai and Jiangmen are revealed as the best two city for both
the economy and the environment.

According to Table 4, different preferences on different
groups of output indexes make the final ranking of DMUs
change. The divergence between rankings of some cities,
such as Shenzhen and Zhuhai, measured by ICCG may be
huger than that calculated by CCG. The huger divergence fur-
ther demonstrates that the rank of Shenzhen in CCG attaches
more importance to GDP than the environment.

However, ranking DMUs by ICCG may be more difficult
than by CCG since the number of same ranking of cities
obtained by ICCG is more than CCG.

(c) Parameters adjustment analysis is provided as follows.
As shown in Table 3 and Table 4, the index dependency
of DMUs can be analyzed by adjusting the parameter k in
Eqs. (8) and (9). Through change the value of parameter k ,
decision makers’ preference on output indexes are changed.
For example, change the value of parameter k from 4 to 5 in
Table 3, then the index group GL, PM2.5, VIWWD, VSDE
is changed as GL, PM2.5, VIWWD, VSDE, RLS. When the
RLS index is not very important, the ICCG ranks of the game
cross efficiencies of Shenzhen and Dongguan are decreased.
This means that these two DMUs are more dependent on
the index RLS, i.e., the revenue of the sale of land than
others output indexes. When k changes from 5 to 6, the
group GL, PM2.5, VIWWD, VSDE, RLS is changed as GL,
PM2.5, VIWWD, VSDE, RLS, VTI. In this situation, the
ranks of Guangzhou, Shenzhen and Zhaoqing decline, and
the index VTI contributes more on these three cities in this
year. It can be found from Table 3 and Table 4 that: despite
the change of value of parameter k , the ranks of Zhuhai and
Jiangmen always fall into the first class. These two cities
are the best ones with the highest land utilization efficiency.
To some extent, the others has the potential to enhance the
land utilization efficiency.

By the above analysis, the values of the current ICCG
are obtained from the improved game cross efficiency DEA
model in Eqs. (8)-(10) and this paper provides a convergent
algorithm to solve the model. ICCG can evaluate the perfor-
mance of DMUs in a new view which is different from CCG.
Furthermore, it can be used to judge the dependency on some
output indexes for DMUs.

VI. CONCLUSION AND DISCUSSION
For the efficiency evaluation in the situation that there exists
a competition between DMUs, CCG values proposed in [16]
provides a reference. In order to handle the problem that
DMU has different preferences on different groups of output
indexes. A new game cross efficiency DEAmodel with index
groups and adjustable parameters is proposed. Then, this
paper develops a convergent algorithm to solve the newmodel
and calculate the values of ICCG. ICCG values give a new
reference for efficiency evaluation of DMUs from a different
view. It should be pointed that the proposed algorithm can
also compute CCG values without dividing the output indexes
into different groups.

In detail, if the differences of output indexes are not con-
sidered, the CCG values obtained by the proposed method are
same with that obtained by the algorithm in [16].

Comparing with the typical CCR values, the divergences
between DMUs measured by CCG and ICCG values are
huger. Furthermore, the differences between groups of output
indexes are considered in the solving process of ICCG values,
while the differences are neglected in CCG values. Thus, the
results of efficiency evaluations of land DMUs measured by
CCG values and ICCG values are different. According to
the analyses in Section IV (B), the group of environment
indexes are preferred than that of economy indexes in the
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ICCG values, which result in the fact that the ranking of some
cities decrease even the GDPs of these cities are high.

Since parameter k in the models (8) and (9) determines the
number of output indexes in different groups, the efficiency
evaluation of a DMU changes with the change of the param-
eter k . Take values of the parameter k as 4, 5, 6, respectively.
Then, it can be found that Zhuhai and Jiangmen always rank
the first by ICCG. Apparently, this stable result cannot be
obtained by CCG in [16].

In summary, this paper shows that it needs to consider the
mutual evaluation and competition between DMUs for the
land utilization efficiency in a region. By focusing on the PRD
cities in China, this paper chooses the input indexes and out-
put indexes closely related to the land utilization, and divides
the output indexes into two groups: environmental indexes
and economy indexes. Using the real data, this paper tests the
convergence of the algorithm for the model by the comparing
of the proposed algorithm and the algorithm in references.
The result shows that ICCG of the proposed model can reveal
more information than CCG, such as: no matter what kinds
of output index groups decision makers prefer, environment
indexes or economy indexes, there exists two cities, Zhuhai
and Jiangmen, which have the best performance. However,
there are two cities, Guangzhou and Shenzhen, which have
a good performance only if decision makers prefer econ-
omy indexes — this cannot be obtained from CCG. There
are different dependencies on output indexes for different
cities, in fact, the efficiency of two cities, Shenzhen and
Dongguan, is dependent highly on the revenue of the sale
of land.

It is known that the DEA models are widely used to
many other fields, such as supply chains, shortest path prob-
lems, transportation problems, public school assessments,
and voting systems. The performance that the ICCG model
proposed in this paper applied to these problems needs to
be further validated. This is also our research interest in
the future.
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